The main results showed a significant negative relationship between rFC and AC, and multivariate analysis identified rFC as a key spq indicator, mainly in Fe2. plant available water capacity and BD showed the highest discriminating capability in the Fe1 dataset. The highest scores of rFC assessment were highlighted for burning and minimum tillage treatments (+1 and +2). An optimal AC range, derived from optimal rFC limits, was obtained and was suggested to better assess the AC of agricultural soils (0.10 £ AC £ 0.26 cm 3 cm -3 ).
• pCA and sDA generally identified rFC as a key soil physical indicator.
• An optimal AC range was suggested to assess the air capacity of agricultural soils al., 2013; Castellini et al., 2013 Castellini et al., , 2014 Karlen et al., 2013; Kiani et al., 2017; Reynolds et al., 2014a; Van Eerd et al., 2014) . Long-term field studies, performed on experimental farms, are relatively rare and thus constitute important research tools (Körschens et al., 2006; Peterson et al., 2012) to assess, for example, the SPQ, given that relatively stable conditions can be expected in these soils (Castellini et al., 2014; Reynolds et al., 2014a) . Several basic soil properties (e.g., organic carbon content, bulk density, physical and hydraulic properties, and capacitive indicators) can in fact exhibit two-stage responses to change: a short-term rapid response (i.e., from 1 to 5 yr) and a long-term gradual response (approximately ≥10 yr) (Ferrara et al., 2017; Reynolds et al., 2014a) . Reynolds et al. (2014a Reynolds et al. ( , 2014b summarized the main scientific and practical benefits of long-term-field studies and provided examples of impacts assessment of 48 yr of cropping, fertilization, and land management on the physical quality of a clay loam soil. Continuous bluegrass sod production, for example, determined negligible soil degradation of SPQ in the surface layer given that bulk density, organic carbon, air capacity (AC), available water capacity, relative field capacity (RFC), and saturated hydraulic conductivity were similar to those of a neighboring virgin soil. This substantial equivalence between cultivated and virgin soils was attributed to similar plant types (i.e., continuous bluegrass vs. continuous native grass, respectively) and land management (i.e., no soil disturbance and reduced passage of agricultural machinery). Conversely, long-term monoculture crop production or long-term corn-oat-alfalfa-alfalfa rotation determined a significant or minimal-to-moderate degradation of SPQ, mainly due to the abundance of biopores (i.e., corn and alfalfa roots) throughout the soil profile in the latter (Reynolds et al., 2014a) .
In their investigation on a loamy soil, Kiani et al. (2017) identified a suitable set of soil quality indicators (mass fractal dimension of soil aggregates, Dexter's S-index, available water capacity, soil organic carbon, and microbial biomass carbon) among contrasting land management strategies (i.e., simple vs. complex crop rotations or manure vs. balanced fertilization) at two long-term experimental fields that lasted at least 40 years. Their results showed how complex crop rotations (which include perennials crops) may improve soil quality and crop yields because both balanced fertilization and manure addition improved soil function. Results of their investigation suggested that the soil indicators used may be considered as useful tools for evaluating management options that also influence agricultural productivity (Kiani et al., 2017) .
A main topic that needs further investigation is the choice regarding the type and number of indicators to use for SPQ assessment. Several indicators have been used to assess SPQ such as dry bulk density (BD), macroporosity (P MAC ), AC, RFC, plant available water capacity (PAWC), saturated hydraulic conductivity, structure stability index, organic carbon content, and Dexter's S-index (Reynolds et al., 2009) . Based on the available literature, for each of these indicators, "references" or "optimal" values were provided so that a not entirely arbitrary SPQ evaluation may be obtained (Reynolds et al., 2009) . Therefore, for a given application or comparison, the use of a large number of these indicators should provide a more robust assessment of SPQ, as compared with a small number of them. On the other hand, a large number of simultaneous indicators may sometimes provide redundant or conflicting results, making an SPQ evaluation difficult (Castellini et al., 2014; Cullotta et al., 2016) . Therefore, it is necessary to apply appropriate statistical procedures to obtain a minimum set of key indicators (Armenise et al., 2013) . Moreover, various researchers showed that some SPQ indicators are strongly correlated with others (i.e., AC and RFC as well as AC and P MAC ), suggesting that some of them might be neglected (Cullotta et al., 2016; Reynolds et al., 2014a) . Furthermore, available investigations generally give an account of results (i.e., SPQ evaluation and correlations among soil indicators) of the effects of different agricultural practices corresponding to one or a few textured soils. Therefore, further investigations aimed to (i) deepen the relationships among SPQ indicators, (ii) apply and evaluate appropriate statistical procedures to obtain a minimum set of representative key indicators, and (iii) verify the results on larger data set (e.g., different soil textures, soil bulk density, and organic carbon content values) are necessary. To reach such goals, long-term field experiments, performed in the experimental farms of agriculture research centers, may be considered ideal research tools because they represent "open-air laboratories" in which relatively stable soil properties and crop yields may be obtained and where agronomic practices are performed and repeated in a rigorous way (Ventrella et al., 2016) . Moreover, establishing a seasonal monitoring of soil properties that begins after preparatory tillage for seedbed creation and ends after harvesting allows us to investigate both optimal and nonoptimal soil conditions so that it is possible to evaluate the applicability of SPQ indicators.
In this research, two long-term field experiments, aimed at comparing different crop residue management strategies (i.e., burning [B] vs. incorporation [I] of straw) and soil management strategies (i.e., minimum tillage [MT] vs. no tillage [NT]) were selected and monitored throughout the crop growing season of durum wheat to evaluate the effects induced by 21 and 14 yr of repeated agronomic practices. The general objective of this investigation was to study the SPQ under long-term field experiments and to identify the indicators most able to highlight changes in soil status. In particular, (i) the relationships among five SPQ indicators (BD, P MAC , AC, PAWC, and RFC) of two different data sets were analyzed, and their relative importance was evaluated; (ii) two techniques of multivariate analysis (principal component analysis [PCA] and stepwise discriminant analysis [SDA]) were applied to select key indicators of SPQ; (iii) an evaluation on the validity of selected key indicators and checks on the reliability of considered optimal ranges or critical limits of significant SPQ indicators, as suggested in the literature, was performed; and (iv) selected key indicators were used to compare the impact of alternative agricultural managements on soil water-air conservation.
MATerIALs AND MeTHODs study Area
The study was performed at the experimental farm of the Council for Agricultural Research and Economics (CREA-AA), Foggia (41°27′03″N, 15°30′06″E), in two long-term field experiments performed on a monoculture of durum wheat (Fig. 1) . The first long-term experiment (FE1), begun in 1990, evaluated the effects of two residues management systems (B and I). The second experiment (FE2), started in 2002, compared the effect of MT and sod-seeding (NT) on wheat yields. Experiments FE1 and FE2 represent the first considered dataset (Apulian dataset).
The climate of the area is classified as "accentuated thermomediterranean" (Unesco-FAO classification), with temperatures that may fall below 0°C in winter and exceed 40°C in summer. Rainfall is unevenly distributed throughout the year and is mostly concentrated in the winter months, with a long-term annual average of 550 mm.
Monitoring of SPQ indicators was performed in the cropping seasons 2010 to 2011 and 2015 to 2016 for FE1 and FE2, respectively. Experimental design of FE1 (B vs. I) is a completely randomized block design with three replicates and unit plots of 240 m 2 size. Straw and stubble were chopped into 10-to 15-cm lengths and spread back onto the plot, and in the first week of October the residues (burned and unburned) were incorporated into the soil through surface disc-harrowing to a depth of 20 cm. Sowing was performed in the fourth week of November. Further information on plot management can be found in Castellini et al. (2014) . The FE2 (MT vs. NT) experiment is a completely randomized block design with three replicates and unit plots of 500 m 2 size. For both treatments, straw was chopped into 10-to 15-cm lengths and spread back on the plot in the first week of September. Depending on the year, after 1 mo, a chemical weed control was performed. Minimum tillage consists of a two-layer soil tillage at 40 cm depth (i.e., a chisel and rotary tiller combination) performed in the first week of November. Fertilization and sowing followed after 1 or 2 d. According to USDA classification, the soil texture is clay, with 42.7 and 27.7% of clay and silt, respectively (Castellini et al., 2014) , and is classified by Soil Taxonomy-USDA as fine, mesic, Typic Chromoxerert (Soil Survey Staff, 2010) . General information regarding the hydrodynamic properties of the investigated soil can be found in the literature (i.e., saturated conductivity, Castellini et al. [2015] ; unsaturated hydraulic conductivity, Castellini and Ventrella [2012] ). Moreover, a low-susceptibility risk of soil compaction is expected because optimal soil water contents for favorable workability conditions (~0.32-0.34 cm 3 cm -3 ) were noted (Francaviglia et al., 2015) . Cracks due to soil shrinkage generally occur only at very low soil water contents. Therefore, soil sampling was performed before this condition occurred. soil sampling, Laboratory Measurements, and soil physical quality Indicators For each crop residue (i.e., B, I) and soil management strategy (MT, NT), soil water retention curve and soil bulk density were experimentally determined in the laboratory. In detail, five or six sampling dates were considered during the crop season (i.e., between November and June) to account for optimal and nonoptimal conditions of SPQ. For each sampling date and treatment (i.e., B, I, MT, and NT), 5 to 12 undisturbed soil cores were collected at randomly selected points into stainless steel rings with sharp edges (8 cm inner diameter; 5 cm height) to determine soil BD and water retention curve at high pressure heads (h ³ -120 cm). The 0-to 20-cm soil layer was used to investigate the tillage depth (i.e., MT) and the soil layer in which the root system develops. Each steel ring was vertically inserted into the soil by hammering gently on the top of the ring with a rubber hammer and progressively removing the surrounding soil up to the established depth to reduce disturbance during sampling. Soil cores were packaged with transparent film and stored at 4°C to inhibit microbial activity until their use. A disturbed soil sample was collected close to the undisturbed sample collection points to determine the water retention curve at low pressure heads (h £ -330 cm).
Volumetric water retention, θ, data were determined on each undisturbed soil core by a hanging water column apparatus (Burke et al., 1986) for pressure head, h, values ranging from -5 to -120 cm and on repacked soil cores by pressure plate method (Dane and Hopmans, 2002) for h values ranging from -330 to -15,300 cm (Bagarello et al., 2005) . The hanging water column apparatus consists of a sintered porous plate (borosilicate glass Buchner funnels) having an air entry value of -200 cm (filter porosity 4) connected to a graduated burette, which may be moved in height to establish a given h value and which allowed measurement of the drained water from the core. The cores were previously saturated on the porous plate by wetting from below and then equilibrated at established decreasing h values. A drainage sequence of seven h values was then imposed (i.e., -5, -10, -20, -40, -70, -100, and -120 cm) . The volumetric water content corresponding to the last equilibrium h value was determined by oven-drying the core. The volume of water drained into the burette was recorded and used to calculate the volumetric water content corresponding to the equilibrium pressure heads. At the end of the experiment, the undisturbed soil cores were used to determine BD. A standard procedure was used to obtain θ values at low pressure heads (i.e., -330, -1030, -3060, and -15,300 cm) on repacked soil samples by pressure plate method (Dane and Hopmans, 2002) .
The soil water retention function (i.e., the relationship between θ and h) was obtained fitting the experimental data with the van Genuchten (1980) model, as is common in parameterization procedures (Castellini et al., 2018) . For this purpose, the Solver routine of Microsoft Excel software was used (Microsoft, Redmond, WA).
Five soil indicators were selected in this investigation to assess the SPQ: soil BD, P MAC , AC, PAWC, and RFC. The four capacity-based indicators (P MAC , AC, PAWC, and RFC) were obtained from the water retention curve. Relationships for calculating the considered SPQ indicators as well as the optimal ranges or critical limits considered in this investigation are summarized in Table 1 .
To check the correlation among selected indicators, an additional set of data (Sicilian dataset) was considered to account for different soil texture and land uses. In particular, the same experimental procedure described before was applied to determine the water retention curves of 138 soil samples collected in the area of Menfi (M; sample size, n = 84; main crops: vineyard and olive grove) and Santa Ninfa (S; n = 54; main crops: pinewood, eucalyptus tree plantation, gariga, and fallow). The considered SPQ indicators were calculated to verify the correlations obtained from Apulian sites. Detailed information about the Sicilian dataset can be found in Castellini and Iovino (2019) and in Supplemental Figure S1 for soil textures.
Data Analysis preliminary statistical Analysis
Capacitive indicators of SPQ are generally assumed to be normally distributed Reynolds et al., 2009) . However, descriptive statistics were computed for each of the datasets considered in this investigation (respectively, B-I and MT-NT; S-M) to summarize the main features of data distribution for the soil variables under study (BD, P MAC , AC, PAWC, and RFC). In addition, the variables were tested for heteroscedasticity by sampling time and by management treatment with Bartlett's homogeneity of variance test.
Correlation and Multivariate Analysis
Relationships among soil variables (BD, P MAC , AC, PAWC, and RFC) were investigated using bivariate (correlation) and multivariate (PCA and SDA) analysis (SAS Institute Inc., 2012). In particular, to deepen the relationships between soil indicators, considering different soil management strategies (i.e., B and I, MT and NT) and soil textures (i.e., S and M), correlation and PCA were performed on the whole datasets (B + I and MT + NT; S + M) and on each set of data separately (i.e., B, I, MT, NT, S, M). As a first step, a linear correlation matrix was computed, with the aim of individuating redundant or similar information as well dissimilar or unique information. Principal component analysis was then performed on the correlation matrix of the soil indicators to obtain few new components that explain most of the variation of the initial data. The principal components (PCs) that explained cumulatively >80% of the total variance were retained. Variable loadings were examined to identify the variables that most contribute to each selected PC and to investigate their relationships. Stepwise discriminant analysis was finally performed to determine the variables enabling maximum discrimination among the plant residues and soil management treatments compared. Wilks' lambda statistic (Schuenemeyer and Drew, 2011) was used as a multivariate measure of separability (Thenkabail et al., 2004) . The use of SDA requires that a set of assumptions should be checked, including normality of data distributions, homogeneity of variances (homoscedasticity), and not complete redundancy of considered variables (Lachenbruch, 1975) . However, a moderate departure from such assumptions 
6 £ RFC £ 0.7 optimal; RFC < 0.6 water limited soil; RFC > 0.7 aeration limited soil † θ s , saturated soil water content; θ m , water content of the soil matrix (h = −10 cm); q FC , soil water content at field capacity (h = −100 cm); θ PWP , soil water content at the permanent wilting point (h = −15,300 cm).
does not affect the analysis of outcomes, as shown by a large literature review concerning SDA application (Lachenbruch, 1975; Uddin, 2013; Uddin et al., 2013) .
Principal component analysis and SDA were performed on the set of the five soil indicators (i.e., BD, P MAC , AC, PAWC, and RFC). Because RFC and AC are calculated both from the same variables (i.e., θ s and θ FC ), we also investigated the sets of four indicators excluding alternatively RFC and AC. The aim of this further investigation was to highlight the discriminant capability of each of the two variables taken individually and in association with the remaining variables.
Principal component analysis was performed through FACTOR procedure of SAS/STAT (SAS Institute Inc., 2012). Stepwise discriminant analysis was performed with STEPDISC procedure of SAS/ STAT using the STEPWISE algorithm (SAS Institute Inc., 2012). Significance level to entry and to stay was set at 0.05.
resULTs soil Water retention Curves
Fitted soil water retention curves for Apulian soils (B, I, MT, NT) are depicted in Fig. 2 , and the corresponding parameters of the van Genuchten model are reported in Supplemental Tables S1 and S2. Relatively higher saturated soil water contents were observed for B than for I (by a mean factor of 1.2) in the first sampling time (Fig. 2a ). These differences were higher (by a factor of 1.3) in the same sampling time of FE2 between MT and NT (Fig. 2g) . However, visual (Fig. 2) and analytical inspections suggest that the observed differences between treatments decrease during the growing season of wheat (Supplemental Tables  S1 and S2 ). Therefore, similar behavior is expected for some of the SPQ indicators considered.
preliminary statistical Analysis
Descriptive statistics for the soil variables under study and related to the comparison B-I (FE1) and MT-NT (FE2) of Apulian dataset are reported in Table 2 and Supplemental Table S3 . Mean values of considered soil indicators were very similar between B and I; therefore, relatively small differences in SPQ indicators are expected among sampling dates. On the contrary, higher discrepancies were detected between MT and NT, which differed by a factor of 1.1 to 2.9 (BD and P MAC , respectively). This can result in greater differences between soil indicators and in a different impact of soil management on soil water (or air) capacity. Kolmogorov-Smirnov test results were significant only for RFC in B-I (FE1) and for PAWC and RFC in MT-NT (FE2) (Supplemental Table S3 ). However, coefficients of skewness and kurtosis for all variables were close to zero, indicating no substantial departure from normal distribution; therefore, data were analyzed in the original scale.
Results of Bartlett's homogeneity of variance test indicated that for B-I (FE1), variances were homogeneous over sampling times for BD, P MAC , and PAWC; heteroscedasticity was instead observed for the other variables (AC and RFC) and for all the variables when tested over treatments. However, when variances were tested within each sampling time, homoscedasticity was observed in the larger part of the cases. Regarding the MT-NT (FE2) dataset, variances were homogeneous over sampling times and soil management, except for PAWC. Table 2 summarizes the statistics related to M and S (n = 138). Due to the higher heterogeneity of this dataset (Castellini and Iovino, 2019) , relatively higher coefficients of variation were observed for Sicilian soils. However, the maximum value of coefficient of variation, which was always observed for P MAC , was never higher than 75% (i.e., P MAC ranged from 0.00009 to 0.1745 cm 3 cm -3 ); therefore, not dissimilar levels of variability may be associated to Apulian and Sicilian datasets.
soil physical quality Indicators
Results of SPQ evaluations are reported in Fig. 3 . Regarding the five SPQ indicators measured in the six sampling times of the B and I plots, the results in Fig. 3 suggest a general satisfactory SPQ evaluation because optimal, near-optimal, or intermediate values (in other words, not definitely poor values) were detected in 65% (39/60) of cases. In particular, for B plots, BD was always optimal or near optimal (i.e., within the range of 0.86-1.01 g cm -3 ), P MAC and AC were intermediate or optimal (0.04-0.07 and 0.11-0.19 cm 3 cm -3 , respectively), PAWC was always poor or limited (0.07-0.13 cm 3 cm -3 ), and RFC showed both optimal (0.61-0.68) or aeration-limited (0.73-0.74) conditions, depending on the sampling time (ST). Relatively similar results were generally detected for I plots because BD was optimal (0.91 £ BD £ 1.08 g cm -3 ), with the exception of ST1 (November), when poor conditions were detected (BD = 0.78 g cm -3 ). The value of P MAC ranged from optimal (0.07-0.08 cm 3 cm -3 ) to poor (0.03 cm 3 cm -3 ), as did values for AC (0.08-0.20 cm 3 cm -3 ); PAWC was always poor or limited (0.06-0.15 cm 3 cm -3 ), whereas RFC showed optimal (0.64-0.69), aeration-limited (0.76-0.80), or water-limited (0.58) conditions. Soil management treatments (MT or NT) showed on average a lower soil quality because optimal, intermediate, or good values were reached in 54% (27/50) of considered cases (Fig. 3) . Bulk density under MT was generally lower than suggested critical limits (BD £0.80 g cm -3 ) but was near optimal (BD = 0.87 g cm -3 ) in ST5 (end of June); therefore, P MAC and AC were almost always optimal (0.04 £ P MAC £ 0.12 cm 3 cm -3 ; 0.18 £ AC £ 0.24 cm 3 cm -3 ), and plant available water was always lower than the critical limit (PAWC <0.14 cm 3 cm -3 ), suggesting poor-limited values for crop growing. In agreement with the results of each ST, RFC showed optimal (0.61 £ RFC £ 0.62) or water-limited (RFC <0.55) values. Optimal BD values were generally observed under NT (0.86 £ BD £ 0.92 g cm -3 ), except for ST2, where critical limits were detected (BD = 0.82 g cm -3 ), together with poor or intermediate values Table 2 . Number of samples, mean, and associated sD computed on the variables under study for Apulian (burning, incorporation, minimum tillage, and no tillage) and sicilian (Menfi and santa Ninfa) datasets. for P MAC (0.01-0.05 cm 3 cm -3 ), or from poor to optimal values for AC (0.07-0.15 cm 3 cm -3 ). Compared with MT, slightly higher PAWC values were detected under NT, with limited or good values (0.10 < PAWC < 0.15 cm 3 cm -3 ), whereas RFC was optimal only in ST3 because, in general, results suggested aeration-limited soil conditions (0.71 £ RFC £ 0.82).
On the basis of the reported results, the set of five indicators used in this investigation allowed an easy assessment of SPQ only for the B vs. I comparison because burning highlighted the higher relative percentage of optimal or intermediate (in other words, not definitely poor) values of SPQ. This judgment, obtained on the basis of all available experimental information, is shown in Fig. 4 . On the contrary, although MT showed the highest SPQ percentages (i.e., 100% for P MAC and AC), NT could be considered the best choice because it provided (i) the only positive rating of PAWC, (ii) higher scores for BD, and (iii) relatively satisfactory results in terms of AC. Therefore, considering that the set of five indicators can lead to questionable conclusions at least in one case out of two (i.e., MT vs. NT), the selection of key indicators is necessary to better assess the soil physical quality.
Correlation and Multivariate Analysis
Overall, significant correlations were observed among soil variables in the different crop residue management strategies (B and I) as well as in the whole dataset (B + I) (Supplemental Table S4a -c; FE1). The highest (negative) correlations were observed between RFC and AC (r = -0.949, -0.956, -0.952), followed by those between P MAC and AC (r = 0.766, 0.926, 0.870). Plant available water capacity showed the lowest correlations with the other soil variables except RFC (Supplemental Table S4a -c). Bulk density was more correlated to P MAC . Lower correlations were in general observed on burning (Supplemental Table S4a ).
In the PCA performed on the set of five variables on the two residue management strategies separately and on the whole dataset (Table 3) , the first two factors accounted cumulatively for a percentage of total variance >80%. The first factor summarized the strong relationship among RFC, AC, and P MAC , which showed the highest loadings (Table 4) . On the second factor, PAWC was the only highly and significantly weighted variable. These results were summarized in the biplots of the first two factors; in Fig. 5 , as an example, the biplots of the analysis performed on the whole dataset are reported. The inspection of the variable loadings and factor scores showed the inverse relationship between RFC and BD on one side and P MAC and AC on the other (first component). In particular, higher P MAC and AC values were recorded mainly on June (ST6) and November (ST1), whereas higher RFC and BD were recorded in February (ST2) and May (ST5) (Fig. 5a ). Lower PAWC values were finally observed in April (ST4) (second component). These behaviors seemed to be more accentuated under crop residues incorporation (Fig. 5b) .
Stepwise discriminant analysis performed on the set of five variables on the whole dataset did not select any significant variable; this probably indicated that residue management had a slight effect on overall SPQ, as confirmed by the negligible differences between indicator means and by the distribution of the scores in the biplot of PCA (Fig. 5b) . When SDA was performed per time, the variables enabling maximum discrimination among the residue management strategies (with a significant threshold to entry and to stay of 0.05 P) were BD in November and April and PAWC in May (Table 5 ).
In the PCA performed on the sets of four variables on the two residue management strategies separately and on the whole dataset (Supplemental Tables S5a-c and S8a-c, excluding AC and RFC, respectively), for both four-variable sets a slight decrease of the variance was associated with the first component, although the sum of the first two PCs remained close to that observed for the PCA performed on the five variables (Table  3 ). This may highlight that information brought by RFC and AC did not completely overlap. When AC was excluded from the analysis, RFC showed the highest loadings (Supplemental Table S6a -c). When RFC was excluded, the highest loadings were observed for P MAC (Supplemental Table S9a -c), indicating once more that AC and RFC were not equivalent.
Stepwise discriminant analysis results did not change when analyzing five (Table 5) or four (Supplemental Tables S7 and S10) variables; this similarity can be attributed to the secondary role of RFC and AC in discriminating the two residue management strategies (B vs. I).
As observed for crop residues management, the highest correlations of the MT-NT dataset (FE2) were observed between RFC and AC (r = -0.9156, -0.9717, -0.9714), followed by those between RFC and P MAC (Supplemental Table S11a-c). Principal component analysis, performed on the two-soil management separately and on the whole dataset ( Table 6 ), showed that the first two factors cumulatively synthesize >90% of total variance, with the first factor explaining 73.87, 70.34, and 81.57%. The first factors summarized the strong relationship between RFC, P MAC , and AC, which had the highest loadings (Table 7 ). In the second factor, PAWC showed a high and significant rank, together with AC in the MT dataset (Table 7) . The biplot of the first two factors from the analysis performed on the whole dataset showed that the soil management strategies compared were clearly discriminated on the first component axis (Fig. 6b) , with MT characterized by greater P MAC and AC and NT characterized by higher RFC and BD. This behavior seemed to be more accentuated in the first sampling time (ST1, November) (Fig. 6a) .
Higher PAWC values were observed in MT on the second sampling date in April (ST4, 19 April) (second component, Fig. 6a, b) . Stepwise discriminant analysis performed on the twosoil management provided results consistent with those obtained with PCA, highlighting the considerable effect of different tillage on soil quality and indicating RFC as the main variable to assess the effect of tillage. Relative field capacity was indeed selected as the variable most able to discriminate the two-soil management on the whole dataset, as well as in November, on 19 April (together with P MAC ), and in June (Table 8 ). In February and on 4 April, PAWC and AC and BD played an important role in discriminating the two treatments (Table 8) .
In the PCA performed on the sets of four variables, on the two-soil management separately, and on the whole dataset (Supplemental Tables S12-S13 and S15-S16), it was observed that P MAC showed systematically the highest loadings, although RFC loadings were closer to P MAC (Supplemental Table S13 ) than AC loadings (Supplemental Table S16 ).
Regarding SDA, RFC was confirmed to be the most discriminating variable in five out of the six cases (in the whole dataset and in all sampling times except February) (Supplemental Table S14 ). However, when RFC was removed from the analysis (Supplemental Table S17 ), AC did not show the same discriminating capability, needing the support of other ancillary variables (P MAC , PAWC, BD) except for the last sampling time ( June). These results demonstrated that, although RFC and AC derive from the same variables (θ s and θ FC ), can not be considered perfectly equivalent for the information brought.
The analysis of the relationships among soil variables of the Sicilian independent dataset (M-S) confirmed the main results and features observed on B-I and MT-NT, and a strong association between RFC and AC was highlighted for M-S soils (r = -0.9621 for M and -0.9861 for S; -0.9141 for the whole dataset, M + S).
The three statistical methods applied (correlation analysis, PCA, and SDA) provided complementary and supplementary information Thenkabail et al., 2004) , allowing us to better investigate the relationships among selected soil physical indicators (PCA and correlations analysis) and to understand their effects on the management practices compared (SDA).
Regardless of the set of data considered, the analysis highlighted three main results: (i) a strong negative correlation between RFC and AC and a positive correlation between P MAC and AC were detected; (ii) PCA and SDA generally identified RFC as an important soil physical indicator because it showed consistently high loadings in the first PCs extracted and discriminated the soil management strategies (MT vs. NT) in the whole dataset and in three of five sampling dates; and (iii) residues management had a slight effect on overall SPQ, whereas the effect of soil management was more noticeable. In addition, SDA performed on four variables, excluding alternatively AC and RFC, highlighted the primary role of RFC in comparison to AC. In fact, although such capacitive indicators derived from the same water content values (θ s and θ FC ), when RFC was excluded, AC needed the support of other ancillary variables (PAWC, P MAC , BD) to achieve the same discriminating capability shown by RFC alone.
Therefore, the behavior of RFC was more closely investigated to assess SPQ and compared with alternative available indicators.
DIsCUssION
Results of correlation analysis suggested that a strong relationship exists between RFC and AC and between P MAC and AC. However, because RFC was selected as the most representative soil physical indicator (i.e., it showed the highest loadings in the first PCs extracted and allowed to discriminate MT vs. NT in the whole dataset and in three out of five sampling dates), it is necessary to evaluate whether the use of RFC is more appropriate for SPQ evaluations as compared with AC or P MAC . Relative field capacity partially combines the AC and PAWC indicators by expressing soil capacity to store air and water relative to the soil's total pore volume (i.e., θ s » soil porosity) (Reynolds et al., 2014a) . Therefore, decreasing RFC values at increasing AC are expected because both indicators depend on soil water content at saturation and at field capacity. This finding reinforces the idea by Cullotta et al. (2016) that one of the two indicators can be neglected. However, these indicators are not equivalent because, for example, they differ in the suggested reference values (Table 1 ) and in range of variation (Reynolds et al., 2009 ). Therefore, their reliability would be better assessed in the light of these two main factors. Reynolds et al. (2008) reported that an optimal balance between root-zone soil water capacity and soil AC may be obtained when RFC falls within the range of 0.6 to 0.7 because this interval maximizes microbial production of nitrate, which is usually a limiting factor for crop yield on mineral soils. Lower RFC values (RFC <0.6) can reduce microbial activity and nitrate production because of insufficient soil water (water-limited soil), whereas greater RFC values (RFC >0.7) may indicate reduced microbial activity because of insufficient soil air (aeration-limited soil). Reynolds et al. (2009) suggested a value of AC ≥0.10 cm 3 cm -3 for minimum sus- ceptibility to crop-damaging or yield-reducing aeration deficits in the root zone or a value of AC ≥0.14 cm 3 cm -3 for sandy loam to clay loam soils. However, Cullotta et al. (2016) argued that the suggested criteria to discriminate between good and poor conditions of RFC and AC (i.e., 0.6 £ RFC £ 0.7 and AC ³ 0.14 cm 3 cm -3 ) are not consistent because, if an optimal value of RFC is expected to fall back into the range of 0.6 to 0.7, AC may not increase indefinitely, and a maximum value should be suggested. Therefore, starting from the assumption that the optimal range interval of RFC may be used as reference, Cullotta et al. (2016) selected the observed optimal RFC values and used the corresponding θ s values (i.e., minimum and maximum values of θ s ) to calculate AC and to derive an optimal range for forest and pasture land (0.11 £ AC £ 0.18 cm 3 cm -3 ). Following their reasoning, we derived a plausible optimal AC range for agricultural soils using the B-I and MT-NT data (Fig. 7) . The θ s values varied between 0.40 and 0.57 cm 3 cm -3 for B and between 0.33 and 0.55 cm 3 cm -3 for I (Fig. 7) ; optimal AC values (i.e., min and max) were 0.12 to 0.16 and 0.17 to 0.23 cm 3 cm -3 for B and 0.10 to 0.13 and 0.17 to 0.22 cm 3 cm -3 for I. The obtained result (i.e., 0.10 £ AC £ 0.23 cm 3 cm -3 ) is plausible because this optimal range was similar to the range defined by Cullotta et al. (2016) , differing slightly only at the maximum value. Although Cullotta et al. (2016) suggested that, in comparison with a good agricultural soil, a good forest soil has a larger ability to store air (i.e., relatively higher AC values), agricultural soils benefit from human-induced porosity (i.e., tillage) or from organic matter inputs (e.g., incorporation of crop residues or of the roots that remain in situ when the soil is undisturbed, incorporation of soil organic matter in the form of compost, etc.). Therefore, results of this investigation suggest that agronomical treatments can cause aeration soil conditions similar to or higher than those of undisturbed virgin soils. Results obtained from independent datasets (M and S) confirmed and extended these conclusions because optimal AC values of Santa Ninfa soils (about a quarter of the total soil samples were within the optimal range 0.6 £ RFC £ 0.7) shifted upward the maximum of AC optimal range to ~0.26 cm 3 cm -3 (Fig. 7) . Furthermore, the detected AC optimal interval (0.10 £ AC £ 0.26 cm 3 cm -3 ) was in good agreement with the literature because Reynolds et al. (2002 Reynolds et al. ( , 2014a Reynolds et al. ( , 2014b ) suggested a "lower critical limit" of 0.09 cm 3 cm -3 , below which periodic anaerobiosis would likely occur, and maximum values not higher than 0.26 to 0.37 cm 3 cm -3 . Cullotta et al. (2016) concluded that the use of capacity-based indicators was the most convincing criterion to assess SPQ; moreover, following the current procedures, only four water retention data points are necessary to establish SPQ of an area of interest (i.e., θ s , θ M , θ FC , and θ PWP, respectively volumetric soi l water content at saturation of the soil matrix, at field capacity and at permanent wilting point), suggesting that they are usable for SPQ assessment of agricultural and forest (or pasture) soils. Our results confirm and extend these conclusions because only two water retention data points are needed to determine RFC (i.e., θ s and θ FC ), highlighting the strong association in all the investigated datasets between RFC and AC and secondarily between AC and P MAC . Application of multivariate analysis (i.e., PCA and SDA), on the set of five and four variables, selected RFC as a representative indicator for SPQ assessment (highest loadings in four out of six cases in PC1). The use of few indicators (only RFC in this case) has made it easier to draft quality judgment and reduce uncertainties. According to this approach, when summing the best RFC judgments as depicted in Fig. 3 for each treatment (i.e., the best judgment at each ST) and neglecting those of equality (simultaneously optimal or poor for both treatments), a slightly better SPQ was established for burning (score = +1; ST1), whereas a slightly more clear-cut result was detected in the FE2 (MT: score = +2; four differences between the second and the fifth sampling time). In this case, MT was selected as the soil management strategy that induces the optimal balance between air and water into the soil. However, regarding FE2, except for ST1, for which the opposite values were highlighted, the seasonal trends of RFC (i.e., MT and NT) were similar, and a mean scale factor of 0.11 (i.e., calculated as mean difference between ST2 and ST5) was highlighted. This value can quantify the effects due to the different soil management strategies (MT or NT) .
With the exception of P MAC , which was not selected as a main option, other soil indicators were suggested from time to time by SDA as the best choice (PAWC, BD, and AC) as well as PAWC on PC2. However, although RFC partially gives an account of PAWC and AC (Table 1) , a further study was performed to evaluate the impact of alternative indicator selection (by PCA and SDA) on SPQ assessment. Results of this check (Table 9 [FE1] and Table 10 [FE2]) suggested that, even if approximations are needed to account for the intermediate-quality class values (e.g., intermediate values of SPQ are not entirely negative so were considered optimal), using alternative soil key indicators would not have provided a different SPQ response because B and MT were clearly selected as best treatments (Tables 9 and 10 ). On the other hand, PC2 results (NT score = +1) in Table 10 are not surprising because, for FE2, PAWC was selected as a key indicator. Bulk density was also selected by SDA. Soil BD may be considered a good predictor, especially at the beginning of crop season when soils have higher porosity due to recent tillage (Castellini et al., 2014) . Positive relationships between BD and PAWC are well known because, for example, fine-textured soils generally exhibit increasing PAWC values at increasing BD values (Castellini et al., 2014) . Because RFC formulation implicitly accounts for PAWC, the choice of this key indicator for SPQ assessment can be specifically suggested for fine-textured soils. Finally, with reference to the beginning of the crop season (i.e., ST1 of Fig. 3 ), BD and RFC provided consistent results because the same SPQ assessment was achieved in three out of four considered cases (i.e., optimal or near-optimal soil conditions for B, water-limited for MT and I). This provides further corroboration about the reliability of RFC. According to the results discussed herein, RFC was used to compare the treatments (i.e., B vs. I and MT vs. NT) over the growing season. With reference to the considered experimental conditions (i.e., soil texture, rainfall, and crop and agronomic practices), RFC results showed that, according to a Tukey's HSD test (P = 0.05), there was no seasonal variability for B, MT, and NT from about February onward. This suggests that 4 mo (i.e., MT and NT) or 5 mo (B) are the minimum times required to reach a stable and optimal (or near optimal) ratio between water and air into the soil. This finding is significant especially for NT because, contrary to what is perceived especially by Italian farmers, results of this investigation suggest that long-term NT soil do not result in significant soil compaction; rather, this soil practice positively affects the physical quality of the investigated clay soil. Conversely, a seasonal variability was detected for the incorporation of crop residues practice because, although the lowest RFC values of ST1 may be attributed to the effect of straw incorporation, the higher values observed in ST2 and ST5 (i.e., February and May) must be attributed to direct effect of agronomic practice. Because B and I were investigated in the same year, thus considering the same "boundary conditions" (rainfall on all), results suggest that relatively higher soil water contents, which typically are achieved in the winter-spring season in southern Italy, can adversely affect the soil sampling when soil and straw, often not completely decomposed, are mixed together. Therefore, in the year of the investigation considered, a time frame where SPQ may be considered steadily optimal was not detected for agronomic practice of incorporation of wheat residues.
CONCLUsIONs
Results of this investigation highlighted that bivariate analysis (correlation) showed a significant negative relationship between RFC and AC as well as a positive relationship between P MAC and AC, and multivariate analysis (PCA and SDA) identified RFC as a key soil physical indicator because it generally showed the highest loadings in the first PCs extracted and discriminated between MT and NT. Selection of RFC as key soil indicator improved SPQ assessment because, in at least one of the two comparisons made (MT vs. NT), it discriminated between agronomic treatments, as compared with a SPQ assessment that uses multiple soil indicators simultaneously. Because RFC partially combines the AC and PAWC indicators, thus expressing the optimal air/water ratio into the soil, it appears to be a promising summary indicator that could be used for SPQ evaluations on agricultural soils. Finally, an optimal AC range, derived from optimal RFC limits, was obtained and suggested to better assess the AC of agricultural soils (0.10 £ AC £ 0.26 cm 3 cm -3 ).
The findings of our study, by deepening the relationships among the five SPQ indicators, can be considered important and preliminary results toward building a minimum dataset of soil variables to be used for the computation of an overall index of soil quality. The results highlight the complementary and supplementary role of the three data analyses procedures applied (correlation analysis, PCA, SDA) and the importance of simultaneously using different approaches to gain a complete understanding of the processes investigated. The methodological contribution of applying SDA over the two four-variable datasets (excluding alternatively AC and RFC) should be underlined. In this way, the different weight of RFC with respect to AC in the discrimination of the different soil management strategies was clearly evidenced. This finding could have been unexpected because the two variables were derived from the same water content information.
Relative field capacity had a crucial role among SPQ indicators, being able to summarize part of the information given by AC and P MAC ; however, the variable was less effective in discriminating the differences between crop residue management (B vs. I). In this case, as well as for the MT vs. NT dataset, BD and PAWC showed the highest discriminating capability, indicating their complementary role in assessing SPQ.
The statistical methodology adopted appears suitable to investigate large datasets of soil indicators, including those of physical, chemical, and biological nature, both separately and simultaneously.
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